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We thank Drs. Coates and Levi (Coates and Levi, 2013, Letter to
the Editor) for their thoughtful and extensive comments that relate
to our recent study of foveal contour interaction for low-contrast
acuity targets (Siderov, Waugh, & Bedell, 2013). The principal
aim of our work was to clarify an apparent discrepancy in the lit-
erature that suggested foveal contour interaction was either
greatly reduced or absent for low-contrast stimuli (Kothe & Regan,
1990; Simmers et al., 1999; Strasburger, Harvey, & Rentschler,
1991), unlike results found with high-contrast foveal targets
(e.g., Flom, 1991; Flom, Weymouth, & Kahneman, 1963) and with
low-contrast targets in peripheral vision (e.g., Coates, Chin, &
Chung, 2013; Pelli, Palomares, & Majaj, 2004; Strasburger, Harvey,
& Rentschler, 1991; Tripathy & Cavanagh, 2002). Our results clearly
show that a comparable magnitude of contour interaction occurs
for low- as well as high-contrast foveal letter acuity targets within
a ﬁxed spatial extent, when measured in min arc (Fig. 1 of Siderov,
Waugh, & Bedell, 2013). Following Flom, Weymouth, and
Kahneman (1963), we deﬁne the extent of contour interaction as
the target-to-ﬂanker separation beyond which little or no
improvement in target identiﬁcation occurs. As indicated in our
paper, the results do not support the idea that the spatial extent
of contour interaction scales with the size of the acuity targets
(as would for example be predicted by an explanation for foveal
contour interaction based on pattern masking). In contrast, our
results show that foveal contour interaction occurs over approxi-
mately the same angular extent for letter targets that differ in size
by 0.4 log units. Recently, we reported a similar constant spatial
extent of foveal contour interaction for acuity targets of different
luminance that varied in size by approximately 0.5 log units
(Bedell et al., 2013).
Coates and Levi note that our results appear to conﬂict with
previous reports that the extent of foveal crowding found with rel-
atively large, low-contrast Gaussian or Gabor targets is propor-
tional to the target size (Hariharan, Levi, & Klein, 2005; Levi,
Klein, & Hariharan, 2002), in agreement with the prediction based
on pattern masking. To resolve this apparent conﬂict, they advance
a two-mechanism model for foveal crowding, wherein the extent
of interaction, or critical spacing, remains constant for acuity tar-
gets less than approximately 6 min arc and varies in proportion
to the size of the target for larger stimuli (Ehrt & Hess, 2005; Levi,
Song, & Pelli, 2007).
Coates and Levi provide support for their proposal by reana-
lyzing the extent of contour interaction, or critical spacing, from
several previous studies including ours; these data are plotted
in their Fig. 4 as a function of the center-to-center separationbetween the acuity target and ﬂanking stimuli. Coates and Levi
argued that center-to-center measurements are more appropriate
than the edge-to-edge separation, irrespective of whether the
stimuli are composed of Gabor or Gaussian targets, or are stan-
dard letter targets like those used in our and many other studies.
Support for this argument comes from the demonstration by Levi
and Carney (2009) in peripheral vision that increasing ﬂanker
width, without altering the edge-to-edge separation between
the ﬂankers and the acuity target, results in a reduced magnitude
of crowding. The conclusion from this study was that ﬂankers of
different size produce the same extent of crowding when the cen-
ter-to-center separation between the target and ﬂankers remains
the same. We do not disagree with the assertion made by Coates
and Levi that center-to-center angular separation is appropriate
to describe peripheral crowding, especially as our study addressed
only foveal contour interaction. Nevertheless, we note that a
number of previous authors deﬁned target-to-ﬂanker separation
using an edge-to-edge criterion, including Bouma (1970), Flom,
Weymouth, and Kahneman (1963), and Coates and colleagues
(Coates, Chin, & Chung, 2013) in a recent paper that investigated
contour interaction for targets of different contrast in the fovea
and peripherally. As summarized in our paper, Takahashi
(1968) reported the results of an experiment at the fovea that
was conceptually similar to the one reported by Levi and Carney
(2009) and concluded that contour interaction depends on the
edge-to-edge separation between the target and ﬂankers.
Although Coates and Levi dismiss Takahashi’s experimental
stimuli as ‘‘idiosyncratic,’’ it is of interest that they depict very
similar stimuli in their Appendix Fig. A1.
Coates and Levi deﬁned the critical spacing by ﬁtting cumula-
tive Gaussian functions to the data for percent correct letter
identiﬁcation as a function of the ﬂanker separation (their Fig. 1).
Although they express concern that the percentage correct letter
identiﬁcation in our measured contour interaction functions
remains greater than the guessing rate of 10% for small ﬂanker-
to-target separations, there are neither theoretical nor empirical
reasons (Bedell et al., 2013; Liu & Arditi, 2001; Loomis, 1978;
Siderov, Waugh, & Bedell, 2013; Simmers et al., 1999) why nearby
ﬂanking targets should reduce foveal letter identiﬁcation to the
level of chance, at least until the ﬂankers and letter targets physi-
cally overlap (see the center panel in the bottom row of Fig. 1 and
the lower left hand corner of Fig. 3 in Coates and Levi). Coates and
Levi claim that a single function, which plots percent correct
identiﬁcation in terms of a spacing factor based on center-
to-center spacing and the letter size, describes the results of the
different contrast conditions reported by Siderov, Waugh, and
Bedell (2013) (see Coates’ and Levi’s Fig. 2, which excludes the
upturn in percent correct at the smallest letter-to-ﬂanking-bar
separation in the high-contrast condition (see also Danilova &
Bondarko, 2007; Flom, Weymouth, & Kahneman, 1963)) as well
as the data for different background luminance conditions
Fig. 1. Average percentage correct foveal letter identiﬁcation for ﬁve observers at Anglia Ruskin University (top) and ﬁve observers at Palacky University (bottom) are
replotted from Bedell et al. (2013) for four luminance conditions (different shaded symbols representing 0, 1, 2 and 3ND ﬁlter conditions, corresponding to background
luminances of 195, 19.7, 1.46 and 0.21 cd/m2). The left- and right-hand panels plot the data in terms of the center-to-center target-to-ﬂanker separation and in terms of the
Spacing Factor proposed by Coates and Levi, respectively. Data for the unﬂanked condition are represented on the abscissae at ‘INF’. Error bars are omitted to prevent clutter.
In contrast to the original plots from Bedell et al. (2013, Fig. 1) in terms of edge-to-edge spacing, note the systematic rightward shift of the contour-interaction functions in all
of the panels as the background luminance is reduced.
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by Coates and Levi adequately describes the rising sections of both
sets of contour interaction functions reported by Bedell et al.
(2013), when all of the data for each contour-interaction function
are included it is clear that the empirical results for the different
background luminances used (0, 1, 2 and 3ND ﬁlter conditions)
are shifted systematically along the spacing-factor axis. This right-
ward shift is evident most clearly in the minima of the plotted
functions in Fig. 1. Hence, the function deﬁned by Coates and Levi
fails to capture the systematic reduction in the magnitude of foveal
contour interaction as the background luminance of the acuity
stimulus is reduced.
Deﬁning the appropriate metric for target-to-ﬂanker separation
is important because it speaks to the potential mechanism(s) of
contour interaction. In addition to the results of Takahashi, there
is evidence that in contrast to peripheral crowding (Levi & Carney,
2009) foveal contour interaction does not depend strongly on the
width of the ﬂanking targets. For example, Danilova and Bondarko
(2007) showed that the extent of foveal contour interaction is
essentially identical for Landolt C targets that are ﬂanked by single
bars, double bars, additional Landolt Cs, or blocks of high spatial
frequency square wave grating with a width that was equal to
the letter size.
We assessed the inﬂuence of ﬂanker size more systematically
by measuring the magnitude and extent of foveal contour interac-
tion for small high-contrast and larger low-contrast Sloan letters
surrounded by bars that varied in their width by a factor of twelve.
To do so, we followed the methods described in our previous study,
which can be summarized as follows. The stimuli were generated
by a commercially available visual acuity test program (Test
Chart 2000Pro; Thomson Software Solutions, Herts, UK) using a
standard PC platform and were presented one at a time at the cen-
ter of a 1900 Dell monitor under dim ambient room illumination.
Two of the authors, who participated also in our previous experi-
ment, provided data. They viewed the monitor monocularly froman optical distance of 10.7 m after reﬂection from two front surface
mirrors. High (89%) or low (7.8%) contrast dark Sloan letters
were displayed either in isolation or were surrounded symmetri-
cally by 4 ﬂanking bars of equal contrast and length. Among blocks
of trials, the width of the surrounding ﬂanking bars varied from
0.89 to 10.7 min arc, corresponding to 20%, 80%, 160% and 240%
of the optotype size. When presented, the inside edges of the ﬂank-
ing bars were 0 (abutting), 0.45, 0.89, 1.78, 2.68 or 4.50 min arc
from the edge of the letter. Screen resolution was 1024  768 pix-
els (refreshed at 100 Hz) and stimuli were presented on a back-
ground luminance of 135 cd/m2. As in our previous study
(Siderov, Waugh, & Bedell, 2013), high- and low-contrast letters
differed in size by 0.4 logMAR. The same angular edge-to-edge sep-
arations between the Sloan letters and the ﬂanking bars were used
in the high- and low-contrast conditions, corresponding to a max-
imum separation of 5 and 2 stroke widths, respectively, for the
high- and low-contrast target conditions.
During each block of 25 trials, letters were presented in a ran-
dom order. The letter-to-ﬂanking bar separation was randomized
between blocks and at least 2 blocks of each condition were com-
pleted for each observer. Because the data of the two observers
were similar in all of the conditions, we present only the averaged
results.
The percentage of correct responses for the high-contrast condi-
tion is plotted as a function of ﬂanker separation (min arc) in the
left hand panels of Fig. 2. The results for the low-contrast condition
are shown in the right hand panels. The two top panels plot ﬂanker
separation in terms of edge-to-edge distance, whereas the bottom
panels show the ﬂanker separation in terms of center-to-center
spacing.
Consistent with our earlier report (Siderov, Waugh, & Bedell,
2013), contour interaction is restricted to a spatial extent on the
order of 3–5 min arc for both high- and low-contrast letter targets.
Although the magnitude of contour interaction is slightly less for
low- than high-contrast letters, this difference is likely to be
Fig. 2. Percentage correct responses averaged across two observers and plotted as a function of the angular edge-to-edge target-to-ﬂanker separation (top panels) and
center-to-center target-to-ﬂanker separation (bottom panels) for 4 different widths of the ﬂanking bars that ranged from 20% to 240% of the letter-stroke width (different
symbol sizes). The left and right hand panels present results for high- and low-contrast letter targets, respectively. Data at ‘INF’ on the abscissae represent the unﬂanked
condition.
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low- compared to high-contrast targets in the unﬂanked condition
(85% vs. 80% correct).
The top panels in Fig. 2 illustrate that the spatial extent of con-
tour interaction is essentially uninﬂuenced by the width of the
ﬂanking targets when the target-to-ﬂanker distance is plotted
in terms of the edge-to-edge separation. On the other hand, the
extent of interaction increases systematically with the width of
the ﬂanking stimulus when the data are plotted in terms of cen-
ter-to-center separation. The conclusion is that edge-to-edge sep-
aration is the more parsimonious metric for describing foveal
contour interaction, at least for standard visual acuity targets
(optotypes) of relatively small size (i.e., in the lower left region
of the graph in Coates’ and Levi’s Fig. 4). Strasburger and Malania
(2013) reached a similar conclusion, based on their analysis of
peripheral contour-interaction results. As shown by Coates and
Levi in their Fig. 1, if the critical spacing determined from the data
of Siderov, Waugh, and Bedell (2013) using a criterion of 80–85%
correct (i.e., approaching the performance achieved in the un-
ﬂanked condition) is replotted in terms of edge-to-edge separa-
tion, the extent of foveal contour interaction remains nearly
constant for the three different letter sizes that were tested. A
reanalysis of data reported by Waugh et al. (2010) also indicates
that the spatial extent of contour interaction corresponds to
an approximately constant edge-to-edge separation of approxi-
mately 5–6 min arc between a foveal Landolt C and ﬂanking bars,
both in the absence and presence of (+1.00 and +2.00 D) dioptric
blur.
Our explanation for earlier reports that foveal contour interac-
tion is greatly reduced or absent for low- compared to high-contrast
targets differs subtly but signiﬁcantly from the explanation offered
by Coates and Levi. Instead of proposing that low-contrast acuity
targets exceed the critical center-to-center spacing for contour
interaction, we suggested that previous authors failed to ﬁnd robust
contour interaction because the edge-to-edge spacing of their ﬂank-
ing targets exceeded the 3–6 min arc spatial extent of foveal contour
interaction. Flom, Weymouth, and Kahneman (1963) proposed thatthe extent of foveal contour interaction scales with the observer’s
visual acuity. Based on our results for foveal targets of low contrast
and low luminance, we suggest a modiﬁcation of this proposal: that
the spatial extent of foveal contour interaction is proportional to the
observer’s optimal visual acuity, which we presume to be a reﬂection
of the underlying neural processing scale.
In summary, we agree with the proposal that foveal contour
interaction may be subserved at different spatial scales by different
mechanisms. One mechanism appears to depend on interactions
that occur between nearby edges and operates within a limited
spatial extent that corresponds approximately to the size of a
threshold high-contrast acuity target. The second mechanism is
presumed to be pattern masking, which occurs primarily at large
center-to-center spacing between the target and ﬂankers and
was documented by Levi and colleagues (Hariharan, Levi, & Klein,
2005; Levi, Klein, & Hariharan, 2002). The more appropriate scaling
metric (edge-to-edge vs. center-to-center) for the inﬂuence of con-
tour interaction on acuity optotypes, such as letter targets, appears
to differ for these two mechanisms. At present, it remains unclear
to what extent this two-mechanism model for contour interaction
and crowding can be applied proﬁtably also to peripheral visual
targets.Acknowledgments
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